Photoacoustic wave propagating from normal into superconductive phases in Pb 

single crystals 
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INTRODUCTIOT 

Photoacoustic (PA) spectroscopy 
vantage of analyzing thermal and cla 
by photoexcitation, and has been 
gas, liquid, and solids. 1,2 Since the 
by piezoelectric transducer (PZT) is 
spectroscopy is considered effective 
transitions. Indeed, PA signals arou: 
point were theoretically studied; 3 ^ a 
tions for first- and second-order tra 
reported so far ASA! In the previous 
of PA signal has not been definitely 
change of a physical quantity. This 
physical parameters can contribute t 
signal. In addition, since the PA signa 
up by a lockin detector, the informat 
only two values, the amplitude and 
PA technique has had the advantage 
the access to several physical quanti 
guity in the interpretation. To extrac 
in PA measurement, it is probably s 
ine PA wave itself. Generally, PA \\ 
from the heat source which results fre 
ergy relaxation of photoexcited electr 
eration process, PA waves are regar> 
and/or elastic wave associated with 
The PA waves are expected to inclue 
liar to the medium. If it is true, the i 
and frequency domains will be helpfu 
ical properties clear; however, such e 
hardly been reported. 

In the PA studies to date, supercoi 
have not been examined to our kno 
prevailingly, the transitions are secone 
crystallographic transition and are ret 
change of electric conductivity. The 
most extensively investigated in var 
erties such as magnetic, thermal, anc 
ties. Thus, the superconductor described by BCS theory 8 
seems suitable to test physical quantities detected in PA 
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FIG. 1: Experimental configuration. Photoacoustic (PA) 
wave is drawn schematically in the Pb single crystal. PZT 
denotes piezoelectric transducer. Experimental parameters 
and conditions are described in the text. 



measurement. In this study, it is an aim to clarify the 
properties of PA wave and signals. Moreover, it is ex- 
pected to reveal how one can analyze superconductive 
transition with PA spectroscopy. When photoexcitation 
induces electronic interband transition, it destroys super- 
conductive phase due to the energy far larger than the 
energy gap in the phase. The effect is also discussed. 

Concretely, Pb single crystal is explored in this study. 
The crystal is a superconductor of the first kind described 
by the strong electron-phonon coupled BCS theory; 
the superconductive phase has been closely investigated 
with far infrared spectroscopy^ electron tunneling tech- 
nique, 10 ultrasonic pulse-echo technique, n - 12 - 1314 an d so 
on. The crystal has the critical temperature Tc of 7.22 K 
(Ref . ITU) . Thus, various material parameters have been 
obtained so far. 



EXPERIMENT 

The Pb single crystal has the purity more than 
99.999% and is the size of 5x5x1 mm 3 ; the plane of 5x5 
mm 2 is (100) plane and the thickness is 1 mm. The PZT 
of the same size as the Pb single crystal was used in the 
PA measurement; the PZT has the resonant frequency 
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FIG. 2: Curves a and b: PA waves at 4.2 and 28.8 K, respec- 
tively. Curve c represents temporal profile of incident laser 
pulse detected by a photodiode; the peak indicates the time 
at which the laser pulse reaches onto the sample surface. 



of 4.00 MHz and the Curie point at 603 K. As drawn in 
Fig. the (100) plane of Pb crystal was firmly attached 
to the 5x5 mm 2 plane of the PZT with conductive or- 
ganic paste. Since the lead wires were also attached as 
shown in Fig. ^ the detected voltage is proportional to 
the stress along the thickness direction, and the detected 
PA wave is bulk wave which propagates through the crys- 
tal. In the present configuration, the bulk wave generally 
includes the wave along off-thickness direction. The spec- 
imen and PZT were set in a He-flow cryostat equipped 
with a temperature controller. 

Incident 2.33-eV light in measuring PA wave was sec- 
ond harmonics of a YAG (yttrium-alminium-garnet) laser 
and was injected onto (100) plane; the pulse width was 
5 ns, and the repetition was 10 Hz. The incident light 
is strongly absorbed by Pb single crystals because of the 
electronic interband transition; the absorption length is 
26 nm (Ref.[l]|. Therefore, the incident photons disso- 
ciate Cooper pairs in the thin surface layer below Tc , so 
that the PA wave travels from normal into superconduc- 
tive phases. The incident light was loosely focused to the 
spot size of 1-mm diameter on the sample surface, and 
the intensity was kept at about 200 /iJ/pulse in order to 
avoid irradiation damage on the surface. 

The PA wave detected by the PZT was directly mea- 
sured by an oscilloscope without any preamplifier. To ex- 
amine the change of PA signal around Tc, the PA signal 
was stimulated with chopped continuous-wave (cw) Ar- 
laser light of 2.41 eV and was picked up by a two-phase 
lockin detector. The incident light was loosely focused to 
the size of 2-mm diameter on the specimen surface, and 
the power was 10 mW. 



RESULTS 

Figure |21 shows the PA waves at 4.2 (curve a) and 28.8 
K (curve b) in the Pb single crystal. Curve c in Fig. [21 
displays the temporal profile of 2.33-eV and 5-ns laser 
pulse, measured by a photodiode. The incident laser 
pulses reached onto the sample surface at 2.72 [is. As 
seen in Fig. [21 the PA wave at 4.2 K includes many sharp 
spikes while the wave at 28.8 K has far less spikes. No 
further fine structure of PA wave is not observed by en- 
larging the waves at 4.2 and 28.8 K in the time domain. 
The difference of the two waves suggests that the PA 
wave at 4.2 K has a large amount of MHz components 
and is indeed presented in Fig. [31 as the image plot in the 
time-frequency domain. Concerning with the shape of 
PA waves, it is to be noted that the PA wave measured 
by PZT's, in principal, includes the multiple reflection in 
the crystal and the ringing in the PZT simultaneously. 
The effect is well discriminated below by analyzing PA 
wave in the time-frequency domain. 

Figure [21 is the result of time-frequency-domain anal- 
ysis using wavelet and presents the image plot of PA 
wave in Fig. [21 Wavelet transformation enables to extract 
the frequency component from wave in the time domain. 
The method has multiresolution and is a superior exten- 
sion of Fourier transformation. Figure |2Ia) corresponds 
to the result at 4.2 K (curve a in Fig. [2J and Fig.^b) to 
that at 28.8 K (curve b). Prominent signal appears at 4 
MHz only at 4.2 K and the MHz component is strongly 
suppressed at 28.8 K. The peak position corresponds to 
the resonance of PZT and indicates the strong PA signal 
at MHz range. In this setup, a part of the strong PA sig- 
nal appears prominently by the PZT resonance. On the 
other hand, oscillations are observed at 0.4 MHz in both 
image maps. The component at 0.4 MHz agrees with 
ringing frequency in the PZTjS the ringing effect was de- 
tected in the configuration that the sample is removed 
in Fig. m Therefore, the PZT ringing is ascribed to the 
heat by laser irradiation. Presumably, the component at 
0.4 MHz is induced by the thermal wave arrived at the 
interface between the crystal and PZT. 

Figure 0] displays temporal profiles at 4.0 and 0.4 MHz 
in Fig. [21 It is apparent from Fig. Efa) that PA signal 
at 4.2 K is enhanced at 4.0 MHz while Fig.^b) presents 
that the intensity and profile of PZT ringing are similar 
below and above Tc- These results indicate explicitly 
that the two components are independent to each other; 
in other words, the ringing at 0.4 MHz is not induced by 
the MHz component. The likeness in Fig.^fb) shows that 
the intensities of both waves are just proportional to the 
intensity of incident light and suggests that the ringing 
comes from thermal wave. Furthermore, the PA signal at 
4.0 MHz grows rapidly at 3.0 [is in Fig.^a) while the PA 
signal at 0.4 MHz increases gradually after 4.0 fj,s. The 
results also imply that the low-frequency component is 
induced by the wave different from the ultrasonic wave 
connected to 4.0 MHz component. Thus, taking account 
of the results in Figs. [21 and 01 it is probable that the PA 
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FIG. 3: Time- frequency-domain image plot of PA wave in Fig. 
121 (a) 4.2 K and (b) 28.8 K. The image maps were obtained 
by wavelet analysis. 

wave includes two different physical components, ultra- 
sonic and thermal wave. 

In Fig. [SI the intensity of PA signal (PAS) is plotted 
with solid circle against temperature. The PA signals 
were stimulated with 2.41-eV, cw-laser light chopped at 
104 Hz and picked up from low to high temperatures. 
The intensity was measured with a two-phase lockin de- 
tector under the condition that each temperature is sta- 
ble. The intensity keeps nearly constant from Tc to RT 
while it is enhanced below Tc; the increase amount is 
almost in agreement with that of 4. 0-MHz component in 
Fig.0Ja). Thus, the PA signal picked up by the lockin de- 
tector is ascribed to the leading component of PA wave. 
The temperature profile of PAS intensity is reproduced 
in Fig. |SJ the calculated curve (solid line) is derived as 
follows. 



DISCUSSION 

Because of the leading component of PA wave and the 
present experimental configuration, it is assumed here 
that the PA signal in Fig. [5] comes from longitudinal ul- 
trasonic wave. Then, Fig.|3]can be regarded as the plot of 
intensity of longitudinal ultrasonic wave. In this case, the 
ordinate is proportional to decayed intensity exp(— ad), 
where a stands for absorption coefficient of the ultra- 
sonic wave in the crystal and d is thickness of the crystal 
(d = 1.0 mm). In the superconductive phase, the a has 
to be replaced with a s which is the absorption coefficient 
of longitudinal ultrasonic wave in the superconductive 
phase. 

To analyze the measured PAS intensity, the interface 
loss of signal has to be included. In fact, the PA signal 




1 1 1 1 1 1 


(b) 0.4 MHz 




4.2 K 




28.8 K 




i ... i ... i 



I I ^ I 1 I I I I I I I I I I I I I I I U 

5 10 15 20 

Time (|J,s) 



FIG. 4: Temporal profile of time-frequency plot at (a) 4.0 and 
(b) 0.4 MHz. The profiles are extracted from Fig. ^ Solid 
lines represent the profiles at 4.2 K and dotted lines at 28.8 
K. 

decays in the crystal and moreover at the interface be- 
tween the crystal and PZT. Therefore, an interface loss 
factor cii n t is introduced (a;„t > 1), and the measured 
PAS intensity is proportional to 

exp[-a in4 Q! s (T)d] (1) 

for T < Tc- The a\ n t is treated as a fitting parameter 
below. 

The values a s (T) at 4.0 MHz are necessary in eval- 
uating Eq. ||TJ. However, the values are not available 
in existent literature. Therefore, another procedure is 
chosen: (i) First, the a s (T) is evaluated by combining 
the absorption coefficient a„(T) in the normal state with 
the ratio a s /a n derived by BCS theory^ Though the ab- 
sorption coefficient cv„(T) was reported only at 26.6 MHz 
(Ref.[H, the cv ra (T) can be evaluated around Tc from 
the literature because the frequency dependence is known 
and the temperature dependence is independent of ultra- 
sonic frequency below tens of MHz (Ref. Il8j) . Also, the 
ratio a s /a n is written such as 

a s (T)/a n (T) = 2/{l + exp[A(T)/fc B T]} (2) 

where 2A(T) is the energy gap of superconductive state, 
which is expressed as A(T) = A(0)^/1 - (T/T c ) 2 (Ref. 
8), and 2A(0) = 4.38/c B T c for Pb (Ref. M), (ii) The 
PAS intensity is fitted by Eq. with changing the ai n t ■ 
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FIG. 5: The intensity of PAS (solid circles) vs temperature. 
Tc denotes the superconductive transition temperature of 
7.22 K. Solid line is calculated combining the attenuation of 
longitudinal ultrasonic wave with BCS theory, and fits the 
measured data below Tc; the derivation of solid line is de- 
scribed in the text. 



(iii) Finally, the most fitted value is searched by varying 
the proportionality constant of Eq. • 

In the fitting procedure, after the a, n < is uniquely de- 
termined, the proportionality constant multiplied by Eq. 
Q is evaluated uniquely. Thus, the solid line in Fig. [5] 
is obtained and seems to reproduce the data below Tc 
fairly well. 

The most fitted a,i nt is estimated to be 4.1 by using the 
relation of a n ocw 2 . This is net interface loss and means 
that the PA wave is reduced at the interface. The resuc- 
tion is suggestive of not optimized interface coupling. 

In the above analysis, the a n is simply combined with 
the a s /a n . This assumes that the longitudinal ultrasonic 
wave is simply described by BCS theory and is not influ- 
enced by strong electron-phonon coupling in Pb. In fact, 
ultrasonic absorption coefficient at more than a-few-tens 
MHz deviates from the simple BCS result^ However, as 
frequency becomes lower, the coefficients get close to the 
values derived from BCS theory^ Therefore, the simple 
analysis using Eqs. and (0 is found relevant to PAS 
of 4.0 MHz. Moreover, the analysis suggests that the 
normal state generated by photoexcitation gives little in- 
fluence on PA wave, that is, the state is induced only in 
thin surface layer. 

As for the strong electron-phonon coupling, it is sig- 
nificant to measure transmission spectrum in the fre- 
quency domain by using calibrated PZT's. The PA wave 
is a kind of self-induced ultrasonic wave, and the trans- 
mission spectrum reveals the propagation mode; more- 
over, the mode includes the information on the electron- 
ultrasonic-wave interaction. The interaction has been 
classified with q (wavenumber of ultrasonic wave) and I 
(mean free length of electrons) phenomenologically. The 
transmission spectrum would enable to analyze q ■ I effect 
quantitatively in experiment. Indeed, the most effective 



q ■ I was estimated 1 — and corresponds to about 10 MHz; 
since the frequency is rather close to the present experi- 
ment, the transmission measurement seems realistic. The 
strong-coupling effect could be tested in detail by analyz- 
ing such transmission. 

As seen in this study, the PA wave in the normal state 
is regarded as thermal wave. The property of PA wave 
is perhaps common in normal metals because the atten- 
uation of longitudinal ultrasonic wave is similar among 
them. In the case, the PAS detected by lockin equipment 
has to be analyzed on the basis of this property. 

Laser-induced acoustic waves have been reported. 19 i 20 
Since the comparison with the present PA study would 
attract an interest, a few comments are made here. The 
laser-induced acoustic waves are induced by ps- or fs- 
pulsed laser light and are extracted from the transient re- 
flection detected with the pump-probe technique. There- 
fore, the acoustic signals have the frequency at GHz 
to THz and often correspond to optical phonons. The 
signals are induced at the laser-injected surface. The 
method is suitable to observe surface-layer phenonema 
because the attenuation of wave is typically 1 /im and 
the wave cannot travel through bulk samples. On the 
other hand, the present PA wave has the frequency at 
MHz and transmits over 1 mm. The MHz wave does not 
destroy Cooper pairs because the frequency is far smaller 
then the gap frequency determined by 2A(T). That is, 
the PA wave travels in the superconductive phase. The 
frequency distribution of PA wave results from the ul- 
trasonic propagation mode connected to energy dissipa- 
tion. Therefore, the PA wave would provide new insights 
about the propagation mode and energy transport in the 
superconductive phase. 

In conclusion, PA waves have been explored in the 
time-frequency domain, so that it is clarified that the 
4.0-MHz component highly transmits and the thermal 
wave is also observed as the PZT ringing in the super- 
conductive phase, while the thermal wave is dominant in 
the normal state. The enhancement of PAS intensity is 
reproduced fairly well from the analysis based on the at- 
tenuation constant of longitudinal ultrasonic wave which 
satisfies the relation in BCS theory. Consequently, it is 
found that the PA signal below Tc is mainly composed 
of longitudinal ultrasonic wave in the present configu- 
ration. The enhanced frequency of PA wave probably 
comes from the propagation mode of ultrasonic wave in 
the superconductive phase though further measurement 
using caribrated PZT's is necessary to detemine the fre- 
quency distribution. The mode is likely associated with 
the effective interaction with superconductive electrons. 
The analysis of temperature-dependent PA-signal inten- 
sity suggests that the normal state hardly contributes to 
the PA signal, that is, the breaking of superconductive 
phase due to photoexcitation is restricted only to thin 
surface layer in the crystal. As a result, the PA wave 
propagates through the superconductive phase. 
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